Each mirror produced by this NASA developed process is a monolithic structure from a single crystal of silicon. Due to single crystal silicon's extraordinary homogeneity and lack of internal stress, we light weight after optical polishing. Mirrors produced by our original process were about 1/4th the mass of an equivalent quartz mirror and were typically 1/50th wave or better. We have recently revised our process, replacing the isogrid structures with ones optimized to minimize distortion due to mounting errors. We have also switched from ultrasonic machining to CNC grinding to enable the production of larger mirrors. We report results to date for mirrors produced by the revised process and cryogenic test results for an ultrasonically light weighted mirror.
REVERSE PROCESS SINGLE CRYSTAL SILICON LIGHTWEIGHT MIRRORS
The single crystal silicon (SCS) mirrors described here are unique in two ways. Each mirror is a monolithic structure from a single crystal of silicon without bonds of any kind. Also, the mirrors are light weighted after the optical surface has been formed. Mirrors are typically light weighted 75%. That is the mass of the mirror is approximately one fourth that of an equivalent diameter solid quartz mirror with a 6 to 1 diameter to thickness ratio. For typical instrument applications, a 75% light weighted mirror has a mass on the order of that of the mirror mount.
The strength of this technology is derived from the unique properties of single crystal silicon. These are: extreme homogeneity, absence of internal stress, high thermal conductivity, the ability to be diamond turned or conventionally polished, and compatibility with a variety of machining methods including electrical discharge machining (EDM). The homogeneity and absence of internal stress allows light weighting after optical polishing with minimal distortion of the optical figure. The remaining distortion, due to crystalline defects caused by the light weighting process, is removed by heat treating or acid etching. The extreme homogeneity, lack of internal stress, and high thermal conductivity are responsible for an extraordinary low cryogenic distortion.
INITIAL PROCESS DEVELOPMENT
The initial phase of our work concentrated on demonstrating two things: that high quality mirrors could, in fact, be produced using this reverse process; and that crystalline silicon's extraordinary homogeneity and high thermal conductivity would result in extremely low thermal distortion.
The process we developed consisted of the following steps: 1> A blank is formed from a single crystal silicon boule (we use slip material). 2> The blank is heat treated at 1250C to heal crystalline damage caused by the sawing and grinding used to form the blank. 3> The optical surface is formed by conventional grinding and polishing. 4> A protector disk is temporarily bonded to the optical surface using optical stacking wax. 5> The mirror is light weighted using ultrasonic machining to form an isogrid pattern. 6> The protector is removed and the mirror is heat treated again to heal crystalline damaged caused by the light weighting process. Once this process was optimized, a series of 10 cm flats and concave spheres were produced with optical figures ranging from 1/50th wave to better than 1/100th wave (RMS at 633 nm). Two flats from this series are shown in Figure 1 . Figure 2 shows the optical figure of the best mirror after step 3, after step 5, and after step 6. As can be seen in the figure, the light weighting process adds significant power to the optical figure due to stress created by a damaged layer at the bottom of the light weighting pockets. As can also be seen, the heat treating process heals this crystalline damage to a remarkable extent.
Although this worked demonstrated that light weighting after polishing was feasible, it also revealed an issue when changing size. Because ultrasonic machining depends on a working fluid, it is sensitive to the surface to volume ratio. Our effort to produce a 25 cm flat was not successful. Although the geometry of the ultrasonic tool was changed in an attempt to compensate, there were defects in several webs as can be seen in Figure 3 . It became clear that some other method of light weighting, insensitive to size, would be needed in the future. The second effort during this initial phase was to evaluate resistance to cryogenic distortion. Tests were made on a 10 cm flat from room temperature down to liquid helium. The optical figure, with power removed, changed an indicated 1/1000th wave over this range as shown in Figure 4 . After compensating for changes in the dewar window, analysis indicates that the actual change in power was 0.057 wave peak-to-valley or 0.033 (1/30 th wave) RMS. The test dewar layout can be seen in Figure 5 . By using such a large dewar, we could minimize the solid angle of warm seen by the mirror and the solid angle of cold seen by the dewar window.
More detailed information on the initial development of the process can be found in a paper presented at SPIE in 2006 1 .
PROCESS REVISION AND THE TIRS MIRROR
The initial development and tests described above was followed by several years of providing mirrors to internal NASA projects. Five mirrors were built for the GeoSpec Instrument Incubator Program (IIP), including an 8 cm off-axis asphere. This mirror was made by grinding and polishing a larger "mother", waxing on a polysilicon protector, light weighting the area to be kept, then cutting out the segment from both the mirror and protector together using wire EDM. We also produced a 16 cm Cassegrain primary for the CIRS-Lite Planetary Instrument Definition and Development Program (PIDDP). After the mirror was ground and polished, it was light weighted by sculpturing the back, then the central hole was cut through the mirror and its polysilicon protector together using wire EDM. This mirror was the first to be light weighted by computer numerical controlled (CNC) grinding, rather than ultrasonic machining. It was also the first to not incorporate an isogrid structure. Figure 6 shows a back side view of the mirror model, while Figure 7 shows a photo of the actual mirror from the front side. Figure 8 shows the design of the CIRS-Lite telescope. Note that the rear protrusion of the mirror is bonded directly to a tubular mount. The mount is made of Cesic, a silicon carbide material produced by ECM in Germany. Both ECM's Cesic and the silicon carbide material produced by SSG (now part of L3 Integrated Optical Systems) match the thermal strain of silicon to better than 15 parts per million at CIRS-Lite's operating temperature of 140K. This work was followed by an unusual set of circumstances that helped establish the single crystal silicon mirror technology as a viable option for space flight applications. Funding was released for a thermal imager (TIRS) for the Landsat Data Continuity Mission at the 11th hour. As it was too late to procure the services of a major contractor, Goddard Space Flight Center agreed to design and build the instrument in-house. One of the principals of this effort offered funds to fabricate a single crystal silicon mirror as an unofficial flight spare. The understanding was that this was an opportunity to produce a mirror built to a specific set of space flight requirements, but the chance of it becoming a real space flight mirror was remote. However, when the mirror was completed, it turned out that the flight aluminum mirror work was in trouble and the silicon mirror became a real flight spare.
The TIRS mirror is a flat elliptical mirror with a major axis of just over 20 cm. Since the silicon mirrors are light weighted after the optical surface is formed, it had become clear that the web structure did not need to be an isogrid. So the mirror was light weighted by grinding using the web structure seen in Figure 9 . The front side can be seen in Figure  10 . Once it became a real flight spare, the silicon mirror went through all the space flight qualification tests. The silicon mirror out performed the aluminum flight mirror in every aspect! It was lighter, stiffer, had a better optical figure, and much better thermal stability. The vibration test showed the silicon mirror to have a higher resonant frequency and a lower maximum excursion compared to the aluminum mirror. In Figure 11 , one of the mounting flexures can be seen in the photo of the silicon TIRS mirror in its vibration test fixture. Although it was eventually possible to get an aluminum mirror to meet flight specifications, the success of the silicon mirror in such a high visibility program substantially improved the visibility and credibility of the silicon mirror work. 
CURRENT AND FUTURE WORK
The success of the TIRS mirror work enabled funding which we are using to optimize the process in several ways. We are also exploring various methods of efficiently fabricating off-axis aspheres.
We are performing tests to determine the minimum temperature for heat treating. Although 1250 C has been demonstrated to work well, if 1100 C could be used, as some experts claim is sufficient, it would decrease the cost and increase the availability of a variety of ovens. It would also allow several metals to be used for fixturing that cannot be used at 1250 C. We are also evaluating the effectiveness of a hydrofluoric, nitric, and acetic acid (HNA) etch to remove the damaged layer caused by the light weighting process. We had hoped to evaluate these processes partly by examining sub-surface damage using a scanning electron microscope (SEM)). Although we gained some useful information from the SEM, it was clear that we will need to use another approach, such as laser scattering 2 , to accurately measure the damage caused by the light weighting process and to evaluate the results of heat treating and etching.
Many of the optical instruments built for space exploration incorporate one or more off-axis aspheres. Some use off-axis three-mirror anastigmats. Others use off-axis parabolas. As the mirrors get larger, using an off-center portion of a larger "mother" becomes less practical--and more expensive. For many instruments, single-point diamond turning (SPDT) is used to produce off-axis aluminum mirrors directly. Although SPDT aluminum mirrors work well in the near and far infrared, they can not be produced with the optical figure or smoothness required for demanding visible or ultra-violet applications. We hope to develop a capability to produce single crystal silicon mirrors to fill this need. We are currently producing SPDT silicon mirrors in-house as shown in Figure 12 . We are also investigating other techniques where a spherical surface would be formed by conventional grinding and polishing, then one of several computer controlled postpolishing processes, such as Zeeko 3 , would be used to aspherize the surface. Lastly, we plan to produce a high quality flat demonstration mirror using the light weight by grinding process and a nonisogrid support structure. Although the previous two mirrors made this way were successful, there were designed for the infrared which makes less demanding requirements on optical figure and smoothness. The tentative design is shown in Figure 12 below. It incorporates three bonded-in ferrules around the periphery so it can be mounted using blade flexures like those used for the TIRS mirror. As can be seen in the inset, the threaded portion of the ferrules is cut back to prevent the compression due to tightening the fastener from distorting the mirror. For ambient temperature applications, we would use Invar ferrules. For cryogenic applications, we would make the ferrules from the SiC material made by either ECM or SSG. As discussed relative to the CIRS-Lite primary, these materials match the integrated thermal strain of silicon extremely well. For the SiC ferrules, we would incorporate a Helicoil insert. As the insert is essentially a spring, its CTE is not important. The Helicoil would provide a low friction surface and prevent the fastener from contacting the hard, brittle SiC.
CONCLUSIONS
The successes of the CIRS-Lite and TIRS mirrors are key steps in the validation of the light weight by grinding using non-isogrid structures process. The grinding process is relatively inexpensive and allows production of mirrors of any size up to the current limit of 40 cm. The ability to use non-isogrid structures provides a flexibility of design to accommodate the specific needs of the application. Future work will include demonstrating a high quality visible mirror using this revised process and demonstrating an off-axis mirror with an optical figure and surface smoothness significantly beyond what is possible with a SPDT aluminum mirror.
Figure 13: A flat silicon mirror design incorporating threaded ferrules.
